In the paper the results of the characterization of the chatter phenomenon in the band sawing process are presented. In particular, the influence of the cutting speed and of the distance between the cutting blade supports on chatter characteristics was investigated. In addition to the cutting forces, and emitted sound, the machine vibrations described by the measured acceleration signals were used to characterize the chatter. Based on an analysis of these signals, a hysteresis of the chatter onset and chatter die out cutting speeds was observed. The observed cutting speed hysteresis indicates that the chatter onset in band sawing is caused by a Hopf-like bifurcation, and that cutting speed is a promising parameter for chatter control. Additionally, the strong effect on chatter characteristics of the distance between the cutting blade supports was experimentally confirmed.
Introduction
In cutting processes, chatter is a phenomenon that can be described as a selfexcited, high amplitude vibration of the cutting tool or workpiece [1] . It is caused by the instability of a nonlinear cutting process, and can have harmful effects on the process performance from the point of view of quality, economy, and ecology [2] . The chatter phenomenon has been investigated intensively in finalizing machining operations such as turning [3, 4] , milling [5] and, grinding [6] . Contrary to these machining operations, band sawing is most often used at the beginning of the machining chain, and as such does not influence the final product properties so significantly. However, with the development of expensive and sometimes difficult to cut materials and metal alloys, minimization of waste material for final machining operations and corresponding surface quality are also becoming more and more important.
In band sawing, the negative impact of chatter was first noticed in lumber cutting [7, 8] , and was reflected in the so-called wash-boarding [9] of the cut surface. To understand, predict and avoid chatter vibration in band sawing, several mathematical models were derived in order to predict the natural frequencies of the moving continuum representing a band saw blade [7, 8, 10] . Directions for practical solutions take into account control of the cutting speed, avoidance of excitation of cutting blade natural frequencies, and maximizing the tension of the cutting blade [7, 8] . Several theoretical studies have shown that cutting speed and the distance between blade supports are very influential process parameters for the natural frequencies of the band saw blade [7, 8, 10] . However, a description of the experimental characterization of the influence, on chatter characteristics, of cutting speed and of the blade support distance has not been found in the literature. In this paper the results of an experimental characterization of chatter onset, occurring in a band sawing process performed on a horizontal double column band saw, are presented. This characterization was performed based on the acquired signals of the cutting forces, the machine vibration, and the sound emitted during the process. Particular attention was paid to the investigation of the influence, on chatter vibrations, of the cutting speed and the distance between the two blade supports. For this purpose, an experimental system that enables presetting of the blade support distance, controlled variation of the cutting speed, and simultaneous measurements of the cutting forces, machine vibrations and sound signals during the band sawing process was constructed. The experimental system and the performed experiments, including controlled variation of the cutting speed at different blade support distances, are described in the next section. The results of the analysis of selected signals and the corresponding chatter characteristics, such as the chatter onset and chatter die-out cutting speeds, the chatter duration, and the observed hysteresis, as they are related to the distance between the blade supports, are presented in the section preceding the conclusions.
Experimental setup
The experiments were conducted on a double column PE-TRA Toolmaster 300DC band saw of 300 mm maximum cutting width capacity. The cutting width capacity is defined by the distance between the cutting blade supports L b , i.e. the distance between the two vertical blade supporting arms. This distance L b can be preset within the range from 230 to 420 mm. A bimetal cutting blade of length 4150 mm and pitch 2-3 [teeth per inch] was used, and tensioned at approximately 2.0 kN. The detailed characteristic parameters of the cutting blade are given in Table 1 . In order to investigate the influence of the cutting speed v c on the band sawing process, the band saw machine was equipped with a system for controlled variation of the cutting speed v c .
For the characterization of the band sawing process and the related chatter phenomenon, a three-component Kistler 9257 dynamometer, a three-component PCB piezo accelerometer, and a Brüel & Kjaer microphone were used. The frequency responses of the dynamometer and accelerometer were, in terms of their first natural frequency and according to the manufacturers, 2 kHz and 10 kHz respectively, for the applied type of mounting. The microphone frequency response was ±2 dB in the frequency range 3.15 Hz to 20 kHz. Placement of the sensors is shown in Fig. 1 . The dynamometer was placed below the workpiece in the vicinity of the cutting blade, in order to measure the cutting force components (F f , F c , F l ). The subscripts c, f, and l denote components in the cutting, feed, and lateral directions. In order to measure the machine vibrations (a f , a c , a l ) a three component accelerometer was mounted on the left blade supporting arm. The supporting arm is in direct contact with the cutting blade and represents one of the most dynamically exposed parts of the machine structure. To measure the sound pressure S emitted during the band sawing process the microphone was positioned approximately 32 cm above the workpiece and directed toward the cutting zone. All the sensory data obtained during the band sawing process were acquired by means of a 16-bit resolution A/D data acquisition card, and were transferred into a computer for off-line analysis. The sampling frequencies for the cutting force components (F f , F c , F l ), machine vibration (a f , a c , a l ), and the sound pressure p signals, were 20 kHz, 25.6 kHz and 20 kHz, respectively.
In the band sawing experiments, solid profile workpieces with a width of 100 mm and a height of 60 mm, made of structural steel of type St37 (according to DIN 17100) were used. The main control parameters of the experiments were the cutting speed v c and the distance between the blade supports L b . To investigate the influence of the distance L b on the band sawing process, cutting experiments at predefined values of L b within the interval [250, 400] mm, with increments of 25 mm, were performed. During the band sawing, the cutting speed v c was linearly increased, at a preselected value of L b , from a minimum value of v cmin = 35 m/min to a maximum cutting speed of v cmax = 135 m/min. After this, the cutting speed v c was linearly decreased back to the minimum cutting speed v cmin . The described variation of the cutting speed was performed within a 60 second time interval, ensuring that the changes occurred slowly and smoothly. The feed speed v f during the all band sawing experiments was set at a constant value of v f = 50 ± 5 mm/min. Examples of the described triangular cutting speed profile v c (t) and the corresponding feed force F f , the feed acceleration a f , and the sound pressure p measured during band sawing of the workpieces at a preset distance between the blade supports of L b = 375 mm are shown in Fig. 2 .
From the time history of the signals it can be seen that, at the beginning and at the end of the workpiece sawing, low amplitude signals of all the variables are typical. With an increase in the cutting speed to v c  59.3 m/min an abrupt onset of large amplitude fluctuations occurs at time t  7.7 s. These large amplitude vibrations remain present with a further increase of the cutting velocity to its maximum value of v c = 135 m/min. They die out during the decrease of the cutting speed to v c  49.3 m/min, at time t  55.1 s. The observed onset of large amplitude oscillations at t  7.7 s and a cutting velocity of v c = 59.3 m/min is presumably caused by the onset of chatter. In the cutting force signal, there is, in addition to the observed large amplitude vibration, a time-dependent offset component, which is due to change of the cutting speed and the effects of the workpiece geometry [11] .
In general it has been observed that all of the acquired signals appear to be informative with respect to chatter. However, from the point of view of potential practical applications the acceleration signal a f has several advantages, so this variable was used in the following analysis for the characterization of chatter in band sawing.
Analysis and detection of chatter onset
As shown in the previous section, chatter is presumably reflected in high amplitude oscillations of the feed force F f , the feed acceleration a f , and the sound pressure p. However, apart from high amplitude vibrations, vibrations with specific pronounced chatter inherent frequencies are characteristic. In order to characterize this property and to overcome the problem of non-stationarity of the signals imposed by the variation of the cutting speed, Short-Time Fourier Transform (STFT) was used to perform further analyses of the acceleration signals a f . Fig. 3 shows examples of spectrograms of the feed acceleration signals a f acquired during the band sawing process, with variation of the cutting speed v c performed at three different distances between the blade supports L b . Horizontal stripes, indicating the excitation of chatter related frequencies, were found to occur in the spectrograms, regardless of the size of the distance between the blade supports L b , whereas regu-lar chatter-free cutting was characterized by the relatively homogenous, low power frequency pattern in the spectrograms.
From the spectrograms it can be observed that chatter onset takes place at higher and dies out at lower cutting speeds v c . The observed difference indicates the presence of hysteresis, which is characteristic for the nonlinear chatter phenomenon in cutting, and can be described by a subcritical Hopf bifurcation [1] . It can also be seen that chatter characteristic frequencies depend on the cutting speed v c . Additionally, the strong effect of the distance between the blade supports L b on chatter characteristics such as the chatter onset and die out cutting speeds v c , the chatter duration, and the length of the hysteresis is evident from the spectrograms. This has also been observed in other theoretical studies [7, 8] . In the following the influence of the blade support distance L b on chatter characteristics is described in more detail. In order to experimentally characterize the observed chatter dependence on the distance L b , spectrograms of all the acquired signals were examined, and cutting speed chatter regions were defined based on the frequency content in the spectrograms. Based on the defined chatter regions, the statistical influence of the distance between the blade supports L b on chatter characteristics such as the chatter onset speed v co , the chatter die out cutting speed v cd , the chatter duration , and the cutting speed hysteresis v c , can be determined as shown in Fig. 4 . In order to generate the diagram at each investigated support distance L b a sample of 6 measurements was used. The box plot indicates the median as the central horizontal line, whereas the upper and lower box boundaries are located at the 1st and 3rd quartiles respectively, with whiskers placed at 3-times the standard deviation of the sample, and points (+) outside the whiskers representing outliers. From the box plot (Fig. 4) it can be seen that both the onset chatter and chatter die out mean cutting speeds are around 100 m/min for the first two shorter distances L b . At a distance of L b = 300 mm, the die out chatter cutting speed drops to v cd = 62.4 m/min, whereas the chatter onset cutting speed remains equal to v co = 100 m/min. With a further increase in the distance to L b = 325 mm the median cutting speed of chatter onset drops to approximately v co = 68.1 m/min and further decreases to a value of v co = 53.4 m/min at a distance of L b = 400 mm. The chatter onset cutting speeds v co are always slightly higher than the corresponding die out chatter cutting speeds v cd what indicates the presence of the hysteresis. To characterize the length of the cutting speed hysteresis v c the difference between the chatter onset and chatter die out cutting speed v c = |v co -v cd | was used. The influence of the distance between the blade supports L b on the length of hysteresis v c is shown in Figure 5 . Using the median values, it can be seen that in the case of smaller distances L b no hysteresis can be observed. A box plot of chatter duration τ versus the distance between the blade supports L b is presented in Fig. 6 . Considering the median values of τ, it can be observed that chatter duration τ, in the case of small distances L b , is short, and is not affected by the distance L b . In the case of distances larger than L b = 275 mm, the duration of the chatter τ increased nonlinearly as the blade support distance L b was increased. As expected, the longest duration of the chatter τ = 51 s took place in the case of the largest blade support distance L b = 400 mm.
Conclusion
In the paper the results of characterization of observed chatter phenomena in a band sawing process performed on a double column horizontal band saw are presented. The characterization was based on the analysis of the acquired cutting force signals, the machine vibrations, and the sound emitted during the sawing process. In particular, the influence, on chatter characteristics, of the cutting speed and of the distance between the cutting blade supports was investigated. For this purpose the cutting speed was increased linearly from v cmin = 35 m/min to v cmax = 135 m/min, and then linearly decreased back to v cmin = 35 m/min. The cutting blade support distance was increased stepwise from 250 mm to 400 mm, with steps of 25 mm. Although reflected in all the measured signals, the machine vibration as described by acceleration signal in the feed direction was used in this paper for chatter characterization. For this purpose characteristics such as the chatter onset v co , and the die out cutting speed v cd , the chatter duration , and the cutting speed hysteresis v c , were analyzed. With respect to the influence of the cutting speed v c the following findings were made:  the specific characteristic frequencies excited by the chatter onset depend on the cutting speed v c ,  in general, chatter onset takes place at higher cutting speeds v c , and dies out at lower cutting speeds,  the observed cutting speed differences v c between the chatter onset and die out cutting speeds indicate the presence of a hysteresis which is characteristic for the onset of a nonlinear chatter phenomenon, which corresponds to a Hopflike bifurcation.
Additionally, the strong effect of the distance between the cutting blade supports L b on chatter characteristics (the chatter onset cutting speed v co , the chatter die out speed v cd , the chatter duration τ, and the length of the cutting speed hysteresis v c ) was confirmed from inspections of the spectrograms of the acceleration signal in the feed direction. Statistically it was determined that:
 the chatter onset cutting speed v co and the corresponding chatter die out speed v cd decrease nonlinearly as the distance L b between the cutting blade supports is increased,  the chatter duration τ also increases nonlinearly as the distance L b between the cutting blade supports is increased,  in the case of smaller distances L b , no cutting speed hysteresis v c was evident.
The largest cutting speed hysteresis v c = 37 m/min was observed at a distance of L b = 300 mm.
The presented results show that the cutting speed v c and the distance between the blade supports L b have a significant influence on the chatter phenomenon in band sawing. The defined characteristics (the chatter onset cutting speed v co , the chatter die out speed v cd , the chatter duration τ, and the length of the cutting speed hysteresis v c ) provide basic information which will be useful for the further development and analysis of process stability in terms of stability diagrams. Furthermore, apart from the blade support distance L b , which is predominantly predefined by the geometry of the workpiece, the cutting speed v c appears to be a promising parameter for chatter control in band sawing processes.
